Background: Women with breast cancer who are treated with adjuvant radiation have a decreased risk of local recurrence but an increased risk of mortality from ischemic heart disease. Patients with left-sided breast tumors receive a higher dose of radiation to the heart than patients with right-sided tumors. Because radiation techniques have improved over time, we investigated whether the risk of death from ischemic heart disease after adjuvant breast radiotherapy decreased over time. 
In the United States in 2002, approximately 42% of women with breast cancer received adjuvant radiation therapy after surgery ( 1 ) . Adjuvant radiation after breast-conserving surgery decreases the risk of local recurrence by two-thirds and results in survival equivalent to that achieved by patients treated with mastectomy ( 2 , 3 ) . Radiation is also recommended for selected patients after mastectomy to lower the risk of recurrence and possibly improve survival ( 4 -8 ) . However, two population-based studies ( 9 , 10 ) have demonstrated underuse of adjuvant radiation therapy, possibly because of concerns about radiation-induced toxicity ( 9 , 10 ) . In particular, women treated with radiation have an increased risk of mortality from ischemic heart disease ( 3 , 11 -15 ) .
In a meta-analysis of eight randomized trials that included almost 8000 women, Cuzick et al. ( 15 ) found a 62% increase in cardiac deaths in women who received radiation. Similarly, the Early Breast Cancer Trialists' Collaborative Group (EBCTCG) meta-analysis of approximately 20 000 women who were enrolled in 40 randomized trials of radiotherapy found a 30% increase in vascular mortality, although the analysis also documented a statistically signifi cant reduction in breast cancer mortality ( 3 ) . Because all the trials included in the meta-analysis reported by Cuzick et al. ( 15 ) were initiated before 1975 and the trials included in the EBCTCG meta-analysis were also heavily weighted towards trials with patients treated in the 1960s and 1970s, it is unclear whether these data can be applied to women currently undergoing radiotherapy with modern techniques.
Techniques of adjuvant radiation therapy have changed substantially since the 1960s ( 15 -19 ) . Older radiation techniques that resulted in higher doses of cardiac radiation, such as deep tangents and direct internal mammary fi elds matched to shallow tangents, have been largely abandoned ( 15 -18 ) . In addition, the development of computed tomography-based technology to guide radiation treatment fi eld design has improved the ability to individualize treatment plans. Thus, by accounting for anatomical differences between patients, radiation doses to the heart may be minimized ( 19 ) . Whether these advances in adjuvant radiotherapy techniques are associated with reduced cardiac mortality has not, however, been rigorously studied.
One approach to study radiation-associated cardiac mortality is to compare outcomes between patients with left-sided breast cancers and those with right-sided breast cancers. Patients with left-sided breast cancer who are treated with radiation have a higher risk of cardiac radiation exposure ( 13 ) and higher rates of cardiovascular mortality ( 11 , 12 , 14 , 20 ) than patients with rightsided breast cancers. The differential dose of cardiac radiation received by patients with left-sided and right-sided breast cancers allows investigators to use observational data to estimate the risk of cardiac mortality from radiation. No known selection biases exist to otherwise differentiate patients by tumor laterality, and an equal distribution of risks would be expected between patients with left-and right-sided tumors. In this study, we compared cardiac mortality rates for patients with left-sided tumors with cardiac mortality rates for those with right-sided tumors to determine whether the risk of death from ischemic heart disease resulting from breast irradiation decreased over time.
S UBJECTS AND M ETHODS

Data and Study Population
Data for this study were obtained from the National Cancer Institute's Surveillance, Epidemiology, and End Results (SEER) 1 Jose -Monterey and the Alaska Native Tumor registry joined the SEER network to complete the 12 registries used for this study. The case ascertainment rate from the SEER registries has been reported to be 97.5%, and the SEER database is the authoritative source of population-based information on cancer incidence and survival in the United States ( 21 ) .
The study population included women who were diagnosed with in situ, localized, or regional breast cancer between 1973 and 1989, had known laterality of disease, had surgery for breast cancer, and were treated with radiation therapy. Because information regarding the type of surgery (mastectomy versus breastconserving surgery) was unavailable before 1983, we did not include the surgical procedure as a variable. We excluded women who had bilateral breast cancer, another primary cancer, or metastatic disease. SEER collects data on radiation therapy that is started within 4 months of diagnosis; thus, women who started radiation after 4 months would not be included in this study. A total of 27 283 women met these criteria.
Statistical Analysis
Patients were stratifi ed into three cohorts on the basis of the year of diagnosis: 1973 -1979, 1980 -1984, and 1985 -1989. Within the entire population and within each cohort, patient characteristics were compared between patients with left-sided breast cancers and those with right-sided breast cancers by use of the chi-square test for categorical variables and the t test for continuous variables. Ischemic heart disease mortality rates at 15 years of follow-up were calculated using the Kaplan -Meier estimator for the entire cohort and stratifi ed by stage at diagnosis. Survival rates were compared between women with left-and right-sided breast cancers using the log-rank test. Death from ischemic heart disease was defi ned by International Classifi cation of Disease (ICD) 9th edition codes of 410 -414 or ICD-10 codes of I20 -I25, with deaths from other causes censored. Time-to-event curves were calculated using the Kaplan -Meier method for each cohort of patients and stratifi ed by stage at diagnosis.
Cox proportional hazards models were used to calculate the hazard of death from ischemic heart disease. Patients diagnosed between 1973 and 1988 were included in the Cox model (n = 24 785). All patients were censored at 12 years of follow-up to ensure equal follow-up. The proportional hazards assumption was checked through a time-dependent covariate presenting the interaction between laterality and follow-up time and by visual inspection of the graph of hazard function for laterality. Because the proportional hazards assumption was violated -that is, the hazards were not proportional over the entire 12 years of follow-up ( P = .03) -the time-dependent effect of laterality (up to 8 years and after 8 years) was included in the model. In the fi rst 8 years of follow-up, the ischemic heart disease disease-free survival rates between patients with left-sided cancers and those with rightsided cancers were very similar. The curves for left-and rightsided cancers started to diverge after 8 years of follow-up for patients diagnosed in the 1970s. A piecewise regression model to examine change in left versus right hazard over the period 1973 -1988 was fi tted at year 1979 because the change in the hazard ratio was not linear over the entire time frame of this study. The choices of 8 years for the follow-up change point and 1979 for the diagnosis year change point were made after examining the data. The fi nal model included age at diagnosis, race/ethnicity, disease stage, time-dependent effect of laterality, and year of diagnosis.
All P values are two-sided. Statistical analyses were performed using SAS software (Version 8.02, SAS Institute, Cary, NC).
R ESULTS
Of 27 283 women with early-stage breast cancer who received adjuvant radiation, 13 998 had left-sided breast cancer and 13 285 had right-sided breast cancer ( Table 1 ) . Patient age at diagnosis, * Patient characteristics by left-sided versus right-sided disease were also compared stratifi ed by the three time-of-diagnosis cohorts (1973 -1979, 1980 -1984, 1985 -1989) . There were no statistically signifi cant differences between patients with left-sided and those with right-sided disease in any of the cohorts. P values were derived by using the chi-square test or t test, as appropriate. SD = standard deviation.
race/ethnicity, year of diagnosis, stage of disease, and length of follow-up did not differ between women with left-sided and those with right-sided breast cancer.
We examined deaths from ischemic heart disease in women who received radiation for early-stage breast cancer, comparing women with left-sided disease with those with right-sided disease. For the entire study sample, 15-year mortality from ischemic heart disease was higher in women with left-sided breast cancer than in women with right-sided breast cancer (8.7% [95% confi dence interval {CI} = 8.0% to 9.3%] versus 7.5% [95% CI = 6.9% to 8.2%], respectively), although the difference did not reach statistical signifi cance ( P = .07). To determine whether the higher ischemic mortality rates in women with left-sided breast cancer were likely associated with radiation, we compared ischemic heart disease mortality at 15 years among women diagnosed 1973 to 1979 who did not receive radiation. In such women there was no difference in ischemic heart disease mortality rates between women with left-sided and those with right-sided disease (11.5% [95% CI = 11.0% to 12.0%] versus 11.4% [95% CI = 10.9% to 11.9%], respectively, P = .89).
We next examined differences between women with left-sided and those with right-sided disease stratifi ed by cohorts defi ned by year of diagnosis. Figure 1 shows the Kaplan -Meier survival curves stratifi ed by laterality and cohort. A decrease in the difference in ischemic heart disease mortality between women with left-sided and those with right-sided disease was seen across the year-of-diagnosis cohorts ( Fig. 1 ) . For the 1973 -1979 cohort, total ischemic heart disease mortality at 15 years was 13.1% (95% CI = 11.6% to 14.6%) for women with left-sided breast cancer and 10.2% (95% CI = 8.9% to 11.5%) for women with rightsided breast cancer ( P = .02). For the 1980 -1984 cohort, total ischemic heart disease mortality was 9.4% (95% CI = 8.1% to 10.6%) for women with left-sided breast cancer and 8.7% (95% CI = 7.4% to 10.0%) for women with right-sided breast cancer ( P = .64). For the 1985 -1989 cohort, total ischemic heart disease mortality was 5.8% (95% CI = 4.8% to 6.7%) for women with leftsided breast cancer and 5.2% (95% CI = 4.4% to 5.9%) for women with right-sided breast cancer ( P = .98). The KaplanMeier curves also demonstrate that overall cardiovascular mortality declined over the years in the study ( Fig. 1 ) .
The percentage of patients with in situ, localized, or regionalstage disease varied with cohort. Among patients diagnosed in 1973 -1979, 25 .7% had in situ or localized disease and 74.3% had regional disease. Fewer patients were diagnosed with regionalstage disease in the 1980 -1984 and 1985 -1989 cohorts (51.9% and 35.9%, respectively) than in the 1973 -1979 cohort. Therefore, to determine whether the changing stage distribution, and thus likely changing fi elds of radiation, could account for variation in mortality from ischemic heart disease over time, we generated Kaplan -Meier curves stratifi ed by patient disease stage ( Figs. 2 and 3 ). In patients with in situ or localized disease and in those with regional disease, there was some evidence of a difference in ischemic heart disease mortality between women with left-sided and those with right-sided breast cancer in the 1973 -1979 cohort that was not apparent in the 1985 -1989 cohort, suggesting that changing stage of disease is unlikely to account for the difference in mortality. Ischemic heart disease mortality rates at 15 years stratifi ed by patient disease stage are shown in Table  2 . There was a similar decline over time in the rates of ischemic heart disease mortality between women with left-sided and those with right-sided breast cancer, regardless of the stage of disease.
To further explore the relationship among year of diagnosis, breast cancer laterality, and ischemic heart disease mortality, we constructed Cox proportional hazards models. The models included patients diagnosed between 1973 and 1988; all patients were censored at 12 years of follow-up so that potential followup times were identical across the diagnosis years. In these models, the hazard of death from ischemic heart disease was not proportional throughout follow-up, as shown in the KaplanMeier curves ( Fig. 1 ) . At 8 years or less of follow-up, no statistically signifi cant differences were seen in the hazard of death from ischemic heart disease between women with left-sided breast cancer and those with right-sided breast cancer. At more than 8 years of follow-up, the overall hazard of death from ischemic heart disease ranged from 1.41 to 1.50 for women with leftsided versus right-sided tumors who were diagnosed in the 1970s (e.g., for women diagnosed in 1979, hazard ratio [HR] = 1.50, 95% CI = 1.19 to 1.89).
The primary objective of this study was to determine whether there were changes in risk of death from ischemic heart disease over time. When year of diagnosis was included as a continuous variable, a piecewise Cox model with a break point at 1979 provided the best fi t. No change in the hazard of death from ischemic heart disease between women with left-sided breast cancer and those with right-sided breast cancer was seen between 1973 and 1979. For women diagnosed between 1979 and 1988, there was a statistically signifi cant decline in the hazard of death from heart disease between patients with left-sided and those with rightsided breast cancer. For each successive year between 1979 and 1988, the hazard of death from ischemic heart disease for women with left-sided versus right-sided breast cancer decreased by 6% (HR = 0.94, 95% CI = 0.91 to 0.98). For patients diagnosed in 1988, the most recently diagnosed cohort, there was no difference in the hazard of death at 12 years of follow-up between patients with left-sided and those with right-sided breast cancer (HR = 0.79, 95% CI = 0.52 to 1.18). In addition, no interaction was seen between tumor laterality and stage of disease at diagnosis ( P = .89).
D ISCUSSION
This population-based analysis revealed that the risk of death from ischemic heart disease among women who received adjuvant radiation for breast cancer decreased over time. As illustrated in the Kaplan -Meier curves ( Fig. 1 ) , there was a statistically signifi cant difference in ischemic heart disease mortality between women with left-sided breast cancer and those with right-sided breast cancer in the 1973 -1979 cohort that was not apparent in the 1980 -1984 and 1985 -1989 cohorts. The increase in risk of death from ischemic heart disease associated with radiation was not apparent until late in the fi rst decade of follow-up, similar to that seen in previous studies ( 3 , 20 ) . After follow-up times of more than 8 years, women with left-sided breast cancer who received radiation had a 41% to 50% higher hazard of death from ischemic heart disease than women with right-sided breast cancer. During most of the 1970s, the hazard of death from ischemic heart disease among women who received radiation for left-sided breast cancer remained elevated. Starting in the late 1970s, there was a statistically signifi cant decline in the risk of death from heart disease among women with left-sided versus right-sided tumors. In fact, among women diagnosed in 1988, there was no longer any difference in rates of death from ischemic heart disease between women with left-sided and those with right-sided breast cancers at 12 years.
Our fi ndings are consistent with the considerable progress that has been made in radiation techniques and treatment planning from the 1970s through the late 1980s. The use of orthovoltage radiation, large fraction sizes, and deep tangential fi elds or direct anterior internal mammary fi elds to treat the internal mammary lymph nodes, techniques that were common in treatments during the 1970s, has been associated with an increased risk of heart disease ( 15 -18 ) , but these techniques are no longer part of standard practice. Another possible contributor to the decrease in risk of heart disease is the decreasing use of an en face photon or cobalt 60 fi eld to treat the medial chest wall and internal mammary lymph nodes.
Although it is encouraging that adjuvant radiation does not appear to increase the risk of ischemic heart disease mortality for women with breast cancer treated in the late 1980s, the increased risk seen in the women treated in the 1970s adds to the evidence that radiation is potentially cardiotoxic. Therefore, every effort should be made to avoid irradiating cardiac structures. For example, computed tomography (CT) -based treatment planning permits precise imaging of the relationship of the heart to radiotherapy fi elds. One study estimated that, as a result of the use of modern tangential breast fi elds and treatment planning, fewer than 5% of patients had heart volumes included in the radiation fi eld that would place them at risk of future cardiac damage ( 19 ) . Yet, imaging studies have demonstrated perfusion defects that appear within 2 years of adjuvant radiation in approximately 40% of patients, although without any clear clinical sequelae ( 22 , 23 ) . Similarly, Nixon et al. ( 26 ) observed no increase in cardiac mortality among 745 patients treated with modern megavoltage techniques. However, none of these studies was powered to detect the 30% to 60% increase in ischemic heart disease mortality found in the earlier meta-analyses ( 3 , 15 ) .
Because this study was conducted using observational data rather than data from a randomized trial, we were not able to directly compare patients with and without radiation, nor did we have complete information on all primary therapies. We compared patients with left-sided tumors with patients with rightsided breast cancer because patients with left-sided tumors receive a higher dose of radiation to the heart. All other characteristics of the two groups were similar. Furthermore, all known characteristics, such as patient age and tumor stage, were distributed equally among women with left-sided and right-sided tumors. Although we could have compared women with and without radiation, rather than with left-sided and right-sided tumors, we did not choose the former study design because previous work using the SEER database has shown strong selection biases associated with receipt of adjuvant radiation between women who did and did not receive adjuvant radiation ( 11 ) . In addition, we were not able to evaluate the relative risks of ischemic heart disease for women who received radiation after mastectomy versus those who received radiation after breastconserving surgery because the SEER cancer registries did not collect information on type of surgery before 1983. However, in the EBCTCG overview ( 3 ) , the increased risk of non -breast cancer death after radiotherapy (34% increase) was identical among women treated with mastectomy or breast-conserving therapy. This observation suggests that changing patterns of surgery would not explain the reduction in risk we found over time. In addition, we examined whether there was a relationship with type of surgery for the subset of patients diagnosed between 1983 and 1988, a period when information on type of surgery was available in SEER, and found no difference in the magnitude of the risk associated with radiation after breast-conserving surgery and modifi ed radical mastectomy ( P = .69) (data not shown). However, during this period the overall risk of death from ischemic heart disease was low, and therefore our analysis may have been underpowered to detect a small difference.
Another temporal trend that could potentially affect our results is the change in the distribution of cancer stage over time, because patients diagnosed in more recent years had earlier-stage disease than patients diagnosed longer ago. Patients without lymph node involvement (i.e., with early-stage disease) may be less likely to receive radiation to the lymph nodes, especially the internal mammary lymph nodes, and thus could experience less cardiac toxicity. This potential difference in radiation fi elds by stage of disease could result in a decline in cardiac risk resulting from the trend towards earlier-stage disease. However, when women were stratifi ed by stage, the pattern of decreasing risk from ischemic heart disease mortality over time was similar between the different stages ( Figs. 2 and 3 ) . Additionally, we formally tested for an interaction between laterality and stage in the Cox model and found that there was none. This lack of an association suggests that our results are not the result of changing stage distribution.
A potential confounder to these analyses is the length of follow-up. In the proportional hazards analysis, we censored all patients at 12 years to ensure equivalent follow-up. Nevertheless, because of the decline in mortality from breast cancer over time, the mean follow-up was, in fact, longer for women who were diagnosed in the more recent years than it was for women diagnosed earlier. The longer mean follow-up of patients diagnosed in the more recent years would increase the chances of fi nding any differences in ischemic heart disease mortality between patients with left-sided and those with right-sided cancers diagnosed in the late 1980s. However, we found no difference in ischemic heart disease mortality among these patients, regardless of disease laterality. Because the risk of cardiac mortality from radiation therapy peaks in the second decade after diagnosis ( 3 , 20 ) , longer follow-up is needed to estimate the total risk for this study population.
Other potential limitations of this study include death certificate unreliability in cause of death coding ( 27 , 28 ) and possible under-ascertainment of adjuvant radiotherapy by SEER ( 29 , 30 ) . However, it does not seem plausible that either of these would introduce directional biases. It is possible that there could be some bias from unobserved risk factors that change over time, although one would not expect a difference by tumor laterality. We are also limited by lack of details on radiation dose, treatment fi elds, volume of irradiated heart, preexisting cardiac risk factors, and details of treatment including chemotherapy or hormonal therapy use. These limitations are, however, counterbalanced by the advantages of having a large population-based cohort of breast cancer patients with active ascertainment of survival data.
In conclusion, the risk of death from ischemic heart disease associated with radiation therapy for breast cancer has statistically signifi cantly decreased over time. These encouraging data suggest that advances in radiation techniques have been translated into substantial benefi ts for women with breast cancer. Whether the risk of ischemic heart disease mortality resulting from radiotherapy has been entirely eliminated cannot be determined definitely from this study. Continued follow-up of the women diagnosed and treated in the late 1980s will be necessary to answer this question.
